Abstract Approximately 1200 years ago, the close association between the quality of medicine and the producing area was well known in China. Recent work has shown conclusively that the quality of herbal medicine is influenced by unfavorable conditions, but the exact cause remains unclear and is a difficult problem in research on herb resources. Fresh roots of S. baicalensis were exposed to temperatures of 35°C~55°C, and the H 2 O 2 level remained relatively inflexible. The superoxide dismutase (SOD) and catalase (CAT) activities remained stable at 35°C and 45°C but decreased on day 1 at 55°C. The excess ROS due to the high temperatures must be removed by another pathway. Our study reported that the phenylalanine ammonia-lyase (PAL) activities rose. The fresh roots were exposed to 55°C for 2 days, the baicalin increased by 38.5%, the wogonoside by 24.1%, and the baicalein by 37.0%. This method can substantially improve the quality of Radix Scutellariae.
Introduction
Radix Scutellariae, the root of Scutellaria baicalensis Georgi, has been used as a traditional oriental medicine in Asian countries, including China, Japan, and Korea, for the treatment of hyperpyrexia, inflammation, cancers, and other illnesses. Baicalein is the most potent active component among the flavonoids (Young et al. 2007; Zhou et al. 2009; Boyle et al. 2010) . Additionally, baicalein is readily absorbed (Liu and Jiang 2006) . For these reasons, baicalein is usually regarded as the marker component of geo-authentic or famous-region Radix Scutellariae. In recent years, researchers focusing on the geo-herbalism of Radix Scutellariae noticed that the contents of the active constituents in Radix Scutellariae, especially baicalein, varied with its habitat (Yuan et al. 2012; Yang et al. 2002) . Therefore, circumstances and Radix Scutellariae quality are strongly coupled.
Plants under unfavorable conditions generate redundant reactive oxygen species (ROS) (Driedonks et al. 2015) . Overproduced ROS can be eliminated readily by antioxidant enzymes. Alternatively, ROS can induce the de novo synthesis of secondary metabolites, which in turn eliminate excess ROS. This procedure is identified as an important negativefeedback mechanism preventing organisms from being injured. High levels of ROS can quickly mediate the production of a vast quantity of flavonoids to address the unfavorable environment. Among ROS, H 2 O 2 can induce the expression of more than 30 more proteins within 15 h (Christman et al. 1989) . For example, the biosynthesis of hypericin in Hypericum perforatum L cells occurs within 10 min upon 40°C treatment (Xu et al. 2008) . Because flavonoids are a response to adversity, it is reckoned that certain forms of shortterm interventions to S. baicalensis can improve the quality of Radix Scutellariae. Previous research showed that the S. baicalensis is extremely susceptible to circumstances. Daily fluctuations in flavonoid content were discovered in S. baicalensis roots (Zhang et al. 2014) . In fact, a large amount of flavonoids can be sythnsized even during the drying of fresh roots (Zhang et al. 2010) . After S. baicalensis roots are dug up from the earth, the cells maintain a living state for a comparatively long time, which enable them to effectively respond to adversity to synthesize new bioactive substances, such as flavonoids. To confirm this possibility, we first exposed the fresh roots of S. baicalensis to high-temperature and then examined the changes in baicalein content.
Materials and methods
Collection and treatment of fresh S. baicalensis roots Fresh roots of S. baicalensis were collected at the medicinal garden of Heilongjiang University of Chinese Medicine, China, and mixed uniformly. These roots were divided into 45°C, 55°C, and 45°C groups, each group into 6 parts, placed in thermostatic drying chambers for 1d, 2d, 3d, and 4d, separately, meanwhile covered with plastic to protect the cells from dehydration. After the end of the experimental heating period, the plastic was removed, and they were dried at 55°C. All experiments were repeated 3 times. 
Antioxidase activities
SOD activity (U), assayed based on the reduction of NBT (nitroblue tetrazolium), was defined as the enzyme activity causing 50% inhibition of NBT reduction (Giannopolitis and Ries 1977) . The CAT activity, monitoring the decrease of H 2 O 2 at 240 nm for 1 min at 25°C, was calculated as the enzyme activity causing a reduction in absorbance at 240 nm of 0.01 per minute (Zeng et al. 1991) .
PAL gene expression and activities
Targeted RNAs were extracted with the plant polyphenols polysaccharide kit (ABigen Corporation, Beijing, China). Reverse transcription was performed using the HiFi-MMLV cDNA first-strand synthesis kit. Real-time PCR was performed to detect gene expression. The target PAL fragment of S. baicalensis was 139 bp in length. The forward and reverse primers were 5′-TGACCTCGTGCCCC TGTCCTAC-3′ and 5′-CAGCTCGAAGAACCCTCCACTAACT-3′, respectively. The reaction system contained 10 μl 2 × Ultra SYBR Mixture, 0.4 μl (10 μM) forward primer, 0.4 μl (10 μM) reverse primer, 2 μl template, and 6.8 μl dH 2 O. The real-time PCR program was as follows: 95°C for 10 min followed by 45 cycles of 95°C for 15 s and 60°C for 60 s. Actin was selected to standized the genes expression between different samples, ABI 7500 Applied Biosystems (US) was used for real-time PCR, and the 2 -△△CT method was used for data analysis.
For extraction, 1.0 g fresh root was ground in an ice bath with 10 ml 0.1 mol boric acid buffer solution L −1 (PH 8.8)
, 5% glycerol, and 5% polyvinyl pyrrolidone; the extracts were centrifuged at −4°C × 10,000 rpm for 20 min. To the supernatant, 1.0 ml of a 0.1 mol L −1 boric acid buffer solution was added, followed by 0.01 ml H 2 O or 0.01 ml of 0.4 mol H 2 O 2 L −1
. They were placed in 30°C water for 1 h before inactivation with 0.2 ml 6 mol HCl L −1
, then centrifuged at 13000 rpm for 15 min. A 0.01 change in OD value, measured at 290 nm by the spectrophotometer, was defined as one unit of enzyme activity. PAL activity (U g −1
•h −1 ) = (A290 × extract volume × system volume) / (fresh root weight × enzymes volume × 0.01 × duration). The above samples were determined at a temperature consistent with the sample treatment.
Baicalin, baicalein, wogonoside, and wogonin content For this purpose, 0.25 g of the root power (d < 0.1 mm) was placed in a 25-ml volumetric flask, and then 70% methanol was added to extract the total compounds under ultrasonic agitation for 30 min. Finally, the supernatant was filtered with a 0.22 μm microporous filter for UPLC analysis.
The experimental samples were analyzed using a Waters ACQUITY HPLC with a BEH C18 column (2.1 × 50 mm, 1.7 μm). The mobile phases consisted of (A) acetonitrile with 0.1% formic acid and (B) H 2 O with 0.1% formic acid. The gradient program was as follows: initially, 25% A for 5~15 min; 25% A → 54% A between 15 and 22 min; 54% A from 22 to 23 min; 54% A → 25% A for 23~25 min; and 25% A. The flow rate was set at 1 ml min
, and the column temperature was set at 30°C. The detection wavelengths of baicalin, wogonoside, baicalein, and wogonin were 277, 279, 274, and 275 nm, respectively.
All the experimental data were analyzed using Excel (Microsoft Corp) and expressed as the means ± SEM. Twoway ANOVA followed by T test was done for statistical analysis and results were considered significant when p < 0.05.
Results
H 2 O 2 content S. baicalensis fresh roots were exposed to 35°C, 45°C, and 55°C, the H 2 O 2 contents of 35°C was first increased from 17.5 μmol/ng to 31.2 μmol/ng, then reduced to 12.5 μmol/ng, the values of 45°C and 55°C were gradually reduced before the 2 nd day, then gradually recovered, but lower than the untreated value (Fig. 1) .
Antioxidase activities
SOD and CAT present similar effect, their activities changed little for the 35°C and 45°C. A large fluctuation, however, appeared at the highest temperature of 55°C, decreased at the first, and then increased, decreased at last (Fig. 2) .
PAL gene expression and activities
PAL gene expression decreased by 50~90% for all the treated of the high-temperature, but the activities increased by 30% more, compared to the untreated. The PAL activity failed to rise on day 1 after exposure to 35°C, in contrast to the change in H 2 O 2 (Fig. 3) .
Baicalin, baicalein, wogonoside, and wogonin content
The effects of the high temperature on four flavones present similar tendency. The baicalin, baicalein, and wogonoside levels increased after high-temperature treatment compared to the untreated. The 55°C value is the highest at the 2nd day, the baicalin increased by 38.5%, wogonoside by 24.1%, and baicalein by 37.0%. With increasing temperature, the peak time was advanced (Fig. 4) .
Discussion
ROS are ubiquitous in plant cells. At middling or low levels, ROS are necessary for mediating many normal physiological activities, such as stomatal closure and the acquisition of tolerance to both biotic and abiotic stresses in plants (Sharma et al. 2012 ). However, they must be maintained at an appropriate stable level. High levels of ROS can modify adjacent molecular configurations, lower the stability of the lipid bilayer, and cross-link sulfurs in proteins, which cause great damage to cells (Sharma et al. 2012) . Too much ROS must be eliminated, every life form is thus driven to develop antioxidant enzyme systems, such as SOD and CAT. Owing to lack of searching for favorable circumstances to plants often face more adversities, such as drought and intense light, which generate more ROS than animals. With this, plants have to develop a unique secondary metabolism aside from antioxidant enzyme systems. The level of this secondary metabolism in plants is regulated by ROS. H 2 O 2 , one of ROS, is also a signal regulating the metabolism (Sharma et al. 2012) to enhance the secondary metabolism (Crawford and Davies 1994) , and raise the contents of secondary metabolites. Another study has shown that exogenous H 2 O 2 modifies the antioxidant system and raises the flavone levels (Song et al. 2016) .
Generally, high temperatures can induce the overproduction of ROS in plants (Cheng et al. 2015; Nahar et al. 2017 ), but when fresh roots of S. baicalensis were exposed to high erbal medicine Radix Scutellariae qualitytemperatures, the contents of H 2 O 2 were not be elevated but lowered (Fig. 1) , furthermore, except at 55°C the levels of SOD and CAT remained largely stable for the other times and groups (Fig. 2) , indicating the decreased H 2 O 2 contents did not attribute to antioxidant system alone. The antioxidant enzyme system and secondary metabolites are the major pathways to eliminate ROS, previous study suggested that high-quality Radix Scutellariae is an inevitable consequence of the operation of the antioxidant system (Matsushita et al. 2016) . Therefore, it is probable that ROS were eliminated not mainly through the antioxidative enzyme system but rather through secondary metabolites. This conclusion is supported by the evidence of the high level of H 2 O 2 combined with the low level of PAL activity at 35°C on day 1 after exposure to high temperatures ( Fig. 2 ; Fig. 3 ). Here, H 2 O 2 was lowered after day 2, visible due to the overproduction of secondary metabolites. The secondary metabolites in plants, which are common ingredients in traditional medicine, are major components in the elimination of ROS. Previous research suggests that the flavones from Radix Scutellariae can directly eliminate ROS (Adhikari et al. 2011; Min et al. 2015) . The major medicinal ingredients from Radix Scutellariae are baicalin, wogonoside, baicalein, and wogonin (Hyun et al. 2010; Driedonks et al. 2015) . They are biosynthesized through the phenylalanine pathway. PAL, a key enzyme for the synthesis of flavones, has a relatively high optimal temperature. Our study found that high temperatures increased the activity of PAL (Fig. 3) , enhanced the biosynthesis of flavones of day 2. Baicalin increased by 38.5%, wogonoside by 24.1%, and baicalein by 37.0%, but wogonin decreased by 8.2% (Fig. 4) . Baicalein and baicalin are major components in the removal of ROS. Elevated temperatures can improve the quality of Radix Scutellariae. It is to be noted here that the increased synthesis at high temperatures is due to increased PAL activity, rather than gene expression (Fig. 3) . This adaptation mode in S. baicalensis can act quickly in adversity but cannot maintain high flavone contents for a long time without PAL supplementation.
Compared to 55°C, the SOD and CAT activities at 35°C and 45°C changed little ( Fig. 2 ) and still maintained higher antioxidative levels. Furthermore, the 35°Cand 45°C treatments raised the PAL activities, but less than the 55°C (Fig.  3) , and therefore the flavone increase was less than at 55°C.
Conclusions
Under unfavorable conditions, ROS are produced in plants. High temperatures can act as an unfavorable factor causing the generation of ROS. Based on this theory, a high-temperature treatment can be used as a basic approach to enhance Radix Scutellariae quality. High temperatures can induce secondary metabolites that are the same as or similar to the ones generated under natural conditions. In this study, we revealed that secondary metabolites replace antioxidant enzymes in a dominant role in response to high-temperature stimuli, and the quality of Radix Scutellariae can thus be significantly enhanced.
